We report the magnetoresistance, Hall effect, de Haas-van Alphen (dHvA) oscillations and the electronic structures of single crystal RhSn, which is a typical material of CoSi family holding a large Chern number. The large unsaturated magnetoresistance is observed with B//[001]. The Hall resistivity curve indicates that RhSn is a multi-band system with high mobility. Evident quantum oscillations have been observed, from which the light effective masses are extracted. Ten fundamental frequencies are extracted after the fast Fourier transform analysis of the dHvA oscillations with B//[001] configuration. The two low frequencies F1 and F2 do not change obviously and the two high frequencies F9 and F10 evolve into four when B rotates from B//[001] to B// [110], which is consistent with the band structure in the first-principles calculations with spin-orbit coupling (SOC). The extracted Berry phases of the relative pockets show a good agreement with the Chern number ±4 (with SOC) in the first-principles calculations. Above all, our studies indicate that RhSn is an ideal platform to study the unconventional chiral fermions and the surface states. 71.30.+h, 72.15.Eb 
INTRODUCTION
Topological semimetals (TSMs) have attracted tremendous attention due to their novel properties in condensed matter physics and materials science , such as high mobility, nontrivial Berry phase, large magnetoresistance (MR) and/or negative longitudinal MR. In addition to the well-known spin-1/2 Weyl fermion in TaAs family [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] , some new types of fermion with large Chern number, which are spin-1 chiral fermion [26, 27] , double Weyl fermion [27, 28] and spin-3/2 Rartia-Schwinger-Weyl (RSW) fermion [29] [30] [31] , have been put forward in condensed matter physics. CoSi and its family materials are predicted to possess these new classes of chiral fermion and later confirmed in experiments [27, [32] [33] [34] [35] [36] [37] . The SOC induced band splitting is so faint in CoSi that it has not been observed in the angle-resolved photomission spectroscopy (ARPES) [35, 36, 38] or the quantum oscillation measurements [39, 40] .
Motivated by these previous results and discussions, we grew the high quality RhSn single crystals with stronger SOC and studied its transport properties in details. RhSn has the similar bulk band structure with CoSi according to the firstprinciples calculations. While its Chern number of the chiral fermion at Γ and R points is reversed due to the chiral lattice [41] . RhSn holds spin-1 excitation fermion with the Chern number -2 at Γ and double Weyl fermion with the Chern number +2 at R in the first Brillouin zone. While the double-degeneracy band splits when the SOC is considered, which makes the spin-1 excitation fermion evolve into a spin-3/2 RSW fermion with Chern number -4 and the double Weyl fermion evolve into a time-reversal (TR) doubling of spin-1 excitation fermion with total Chern number +4, respectively. RhSn displays a large unsaturated longitudinal magnetoresistance at 2 K and 14 T with B//[001] configuration, which decreases with the B rotating from B⊥I to B//I. The nonlinear Hall resistivity and the corresponding analysis indicate that RhSn is a multiband system with high mobility at low temperature. Evident de Haas-van Alphen oscillations and weak Shubnikov-de Haas oscillations (SdH) have been observed. Ten fundamental frequencies have been extracted after the fast Fourier transform (FFT) analysis with B//[001] configuration. The two low frequencies F 1 and F 2 do not change obviously while the two high frequencies F 9 and F 10 evolve into four high frequencies when B rotates from B//[001] to B// [110] . Thus, the frequencies F 1 , F 2 and F 9 , F 10 originate from the electron-like pockets at Γ and R, respectively, according to the first-principles calculations. The light cyclotron effective masses are extracted from the fitting by the thermal damping term of the Lifshitz-Kosevich (LK) formula, indicating the possible existence of massless quasiparticles. The extracted Berry phases of the relative F 1 , F 9 and F 10 pockets show a good agreement with the Chern number ±4 (with SOC) in the first-principles calculations.
METHODS AND CRYSTAL STRUCTURE
The high quality single crystals of RhSn were grown by the Bi flux method. The Rhodium powder, stannum and bismuth granules were put into the crucible and sealed into a quartz tube with the ratio of Rh:Sn:Bi=1:1:16. The quartz tube was heated to 1100 • C at 60 • C/h and held for 20 h, then cooled to 400 • C at 1 • C/h. The flux was removed by centrifugation. The atomic composition of RhSn single crystal was checked to be Rh:Sn=1:1 by energy dispersive x-ray spectroscopy (EDS, Oxford X-Max 50). The single-crystal x-ray diffraction (XRD) patterns and powder XRD patterns were collected from a Bruker D8 Advance x-ray diffractometer using Cu K α radiation. TOPAS-4.2 was employed for the refinement. The measurements of resistivity and magnetic properties were performed on a Quantum Design physical property measurement system (QD PPMS-14T). The resistivity and Hall measurements were performed using a four-probe method on a long flake crystal which was cut and polished from the crystals as grown. The electrode was made by platinum wire with silver epoxy. The Hall resistivity was obtained from the difference of transverse resistance measurement at the positive and negative fields in order to effectively remove the longitudinal resistivity contribution from the voltage probe misalignment. The first-principles calculations of electronic structure of bulk RhSn were performed by using the Vienna ab initio simulation package (VASP) [42] , with the generalized gradient approximation (GGA) in the Perdew-Burke-Ernzerhof (PBE) type as the exchange-correlation energy [43] . The cutoff energy was set to 450 eV and Gamma-centered 10 × 10 × 10 k mesh were sampled over the Brillouin zone (BZ) integration. The lattice constant a=5.134Å was used for all the calculations and spin-orbit coupling was taken into account. The tightbinding model of RhSn was constructed by the Wannier90 with 4d orbitals of Rh and 5p orbitals of Sn, which was based on the maximally-localized Wannier functions (MLWF) [44] . The three-dimensional (3D) fermi surface (FS) and FS planes of RhSn were calculated by the WannierTools package [45] .
The crystal structure of RhSn is illustrated in Fig. 1(a) , which crystallizes in a simple cubic structure with the space group of P 2 1 3 (No. 198) [41] . Figure 1 Fig. 1(c) , can be well indexed to the structure of RhSn with space group P 2 1 3, and the refined lattice parameter is a=b=c=5.13Å.
RESULTS AND DISCUSSIONS
As displayed in Fig. 2(a) , the temperature-dependent resistivity of RhSn exhibits metallic behavior with large residual resistivity ratio (RRR≈24), indicating the quality of the grown crystal. Figure 2 In order to thoroughly identify the characteristics of the carriers in RhSn, we performed temperature-dependent Hall resistivity measurements. The Hall resistivity ρ xy curves of RhSn at various temperatures from 2 K to 150 K are shown in Fig. 2(d) . Further, the deviation from the linear behavior of the Hall resistivity indicates that RhSn is a multi-band system. Thus, the two-band model is used to describe the Hall conductivity,
where n e,h and µ e,h represent the concentration and mobility of electrons and holes, respectively. As shown in the Fig.  3 (a), the fitted red curves are consistent with the experimental dots, from which the temperature-dependent concentrations and mobility are extracted and plotted in Figs. 3(b) and 3(c). The concentration and mobility of the two types of carriers increase with the decreasing temperature. At 2 K, n e = 4.6 × 10 20 cm −3 which is almost two times larger than n h = 2.2 × 10 20 cm −3 , and the µ e and µ h are 1895 cm 2 V −1 s −1 and 3609 cm 2 V −1 s −1 , respectively. ARPES is a powerful tool to study the Fermi surface properties. While the SOC induced band splitting has not observed in our former ARPES measurements, because the band splitting is not evident enough and the two splitting bands are beyond the ARPES resolution [41] . Quantum oscillation experiment provides another effective method to study the characteristics of FS, since the oscillation frequency is proportional cies are obtained after the FFT analysis when the field is applied along [001] direction. Thus, the corresponding extreme cross section area of F 1 , F 2 , F 9 and F 10 are 1.25 × 10 −3Å−2 , 4.71×10 −3Å−2 , 107.24×10 −3Å−2 and 123.78×10 −3Å−2 , respectively. More details are displayed in Table I . There is a very low frequency about 2 T in the FFT spectra which is not the intrinsic dHvA oscillations signal and comes from the data processing. The oscillatory components versus 1/B of dHvA oscillations can be described by the LK formula [46] :
where λ = (2π 2 k B m * )/(heB). T D is the Dingle temperature. The value of δ depends on the dimensionality, δ = 0 for the 2D system and δ = ±1/8 for the 3D system. β = φ B /2π and φ B is the Berry phase. Figure 4(c) shows the temperaturedependent FFT amplitudes and the fitting by the thermal factor R T = (λT )/sinh(λT ) in LK formula. The effective masses are estimated to be m * F1 = 0.038m e , m * F9 = 0.229m e and m * F10 = 0.224m e , which are exhibited in Table I . 
S 2 =4.9 × 10 −3Å−2 , S 3 =103.5 × 10 −3Å−2 and S 4 =118.4 × 10 −3Å−2 , respectively. It means that when B//[001] the calculated oscillation frequencies of these four extreme cross sections are 13.6 T, 51.3 T, 1084.2 T and 1240.3 T, respectively, according to the Onsager relation, which are comparable to the observed two smallest frequencies F 1 (13.1 T), F 2 (49.4 T) and two largest frequencies F 9 (1123.4 T), F 10 (1296.7 T). By comparing the results between the calculations and experiments, we conclude that the frequency F 1 in dHvA oscillations with B//[001] configuration originates from S 1 , F 2 originates from S 2 , F 9 originates from S 3 and F 10 originates from S 4 .
In strong magnetic field, the electron can tunnel from an orbit on one part of a Fermi surface to an orbit on another separated by a small energy gap, which brings into the existence of new orbits. It is considered as magnetic breakdown [46] . As shown in Fig. 5(d) , the gaps between the FSs S 3 and S 4 , teardrop-shaped FSs S 5 and S 6 , or the ellipse FSs extreme cross sections at M point are very small, and the magnetic breakdown is easy to happen. It is hard to exactly verify the observed frequencies from F 3 to F 8 . Since all the frequencies from F 3 to F 8 originate from the trivial hole-like pockets, the analysis was mainly focused on the frequencies F 1 , F 2 , F 9 and F 10 which stem from the topological non-trivial electron-like pockets.
Angle-dependent dHvA oscillations measurements are applied to further study the FS characteristics of RhSn. The crystallographic orientation [110] , [111] and [001] in one single crystal sample is determined from the measurements and analysis of single XRD patterns, as shown in Fig. 6(a) . The orientation of magnetic field B is always within {110} plane and rotates from [001] to [110] [001] to [110] , which is consistent with the calculations. In conclusion, by combining the analysis of angle-dependent dHvA quantum oscillations and the first-principles calculations, we confirm that the frequencies F 1 , F 2 , F 9 and F 10 in the quantum oscillations originate from the FSs at Γ and R points.
Berry phase extracted from quantum oscillations is an important parameter of topological materials in transport measurements. In trivial metals, the Berry phase is 0 or 2π. In the spin-1/2 Weyl semimetal with Chern number ±1, the Berry phase is π like TaAs family materials. RhSn holds TR doubling of spin-1 excitation fermion at R and spin -3/2 RSW fermion at Γ with the Chern number ±4 (with SOC), thus the Berry phase extracted from the frequencies F 1 , F 2 , F 9 and F 10 should be 4π in theory. According to Lifshitz-Onsager quantization rule n = A F (h/2πeB) − 1/2 + β + δ, the Berry phase can be extracted from the intercept of the linear extrapolation. The maximum of △M correspond to the Landau indices of n+1/4, and δ = −1/8 since the F 1 , F 9 and F 10 bands originate from the electron pockets. The frequencies F 1 , F 9 and F 10 are filtered from the oscillations and the corresponding Berry phases are extracted by the LL index fan diagram. The intercepts of theses bands are 0.429, 0.423 and 0.384. Thus, the Berry phases of F 1 , F 9 and F 10 are 2.11π, 2.10π and 2.02π, respectively, which show a good agreement with the Chern number ±4 (with SOC) in the first-principles calculations. The frequency F 2 is close to F 3 and its FFT amplitude is greatly affected by F 3 , so the effective mass and Berry phase analysis are not applied on F 2 .
SUMMARY
In conclusion, we have successfully synthesized the high quality single crystals of RhSn which hold a spin-3/2 RSW fermion at Γ (Chern number -4) and the TR doubling of spin-1 excitation at R (total Chern number +4) according to the first-principles calculations with SOC. It shows a metallic behavior at zero field. The large unsaturated MR at 2 K and 14 T has been observed. The analysis of Hall effect and dHvA oscillations indicate that RhSn is a multi-band system. SOC induced band splitting is observed by our quantum oscillation measurements. When B rotates from B//[001] to B// [110] within {110}, the two lowest frequencies of dHvA oscillations F 1 and F 2 do not change obviously while the two highest frequencies F 9 and F 10 evolve into four, which is in agreement with the first-principles calculations. Thus, the frequencies F 1 and F 2 stem from the electron pockets at Γ while F 9 and F 10 originate from the electron pockets at R in the first Brillouin zone. The extracted Berry phases ∼ 2π are in agreement with the calculated Chern number ±4.
